Several studies have shown that schizophrenic patients and their biological relatives generate a greater number of leading saccades during smooth pursuit eye movement (SPEM) tasks. This abnormality may reflect a failure of cortical and/or cerebellar areas to coordinate saccadic and pursuit eye movements during visual tracking. The pharmacology of this phenomenon is not known. Here, we sought to replicate and extend the findings of Olincy et al (1998) , who found that nicotine transiently reduced the number of leading saccades during SPEMs. A total of 27 subjects with schizophrenia (17 males; 14 smokers), and 25 healthy comparison subjects (nine males; 14 smokers) completed an eye-tracking task after receiving a 1.0 mg nasal spray of nicotine and during drug-free conditions. Results confirm that nicotine reduces the number of leading saccadic eye movements during visual tracking in schizophrenic patients. Baseline impairments and the beneficial effects of nicotine were not restricted to patient smokers, as nonsmoker patients exhibited the greatest number of leading saccades in the no drug condition and exhibited the most pronounced improvements after nicotine administration. Improvement in patient nonsmokers was not a function of previous smoking history. No effect of nicotine was observed in control nonsmokers. In contrast to the previous study, nicotine appeared to improve performance in control smokers. Overall, the study results support a functional role of nACh receptors in improving eye-tracking performance, and are consistent with the hypothesis, articulated by several investigators, that nACh receptor system abnormalities are responsible for a number of schizophrenia-related neurophysiological deficits.
INTRODUCTION
Smooth pursuit eye movements (SPEMs) represent a highly developed and complex behavioral response to moving stimuli, which is served by a widely distributed neuronal network (Leigh and Zee, 1999) . The SPEM response broadly involves: (a) the processing of retinal motion information (ie the movement of a target image on the retina); (b) the initiation of an oculomotor response based on retinal information, which can be modified by previous target motion information (Lisberger et al, 1987; Barnes et al, 2000) ; (c) the processing and integration of extraretinal motion signals generated by movement of the eyes (Turano and Heidenreich, 1999; Turano and Massof, 2001); the maintenance of pursuit based on a combination of predictive eye movements guided by extraretinal signals and corrective eye movements guided by retinal velocity and position error signals (Barnes and Asselman, 1991; van den Berg, 1988) . Basic researchers have carefully described many of these processes and the neuronal substrates that underlie them in healthy human subjects (eg Braun et al, 1996; Petit et al, 1997; Berman et al, 1999; Schmid et al, 2001 ) and nonhuman primates (eg Lisberger and Movshon, 1999; Newsome et al, 1988; MacAvoy et al, 1991; Assad and Maunsell, 1995; Komatsu and Wurtz, 1989; Krauzlis, 2001; Suh et al, 2000) .
Behavioral studies of SPEM suggest that several components of the response may be affected in schizophrenic patients. Abnormalities include (1) a failure of eye velocity to match target velocity during sustained visual tracking (ie low closed-loop gain) (eg Clementz and McDowell, 1994; Sweeney et al, 1999; Levy et al, 2000 ; see Levy et al, 1993 for a review), which is thought to reflect deficits in predictive components of the SPEM response (Thaker et al, , 1999 ; (2) an increase in catch-up saccades, which is secondary to low gain (Abel and Ziegler, 1988; Sweeney et al, 1994) ; (3) decreased acceleration during pursuit initiation (Clementz et al, 1995; Ross et al, 1996) , which may reflect retinal motion processing and/or anticipatory learning deficits (Chen et al, 1999; Avila et al, 2002a) ; and (4) an increased frequency of leading saccadic eye movements (Avila et al, 2002b; Levy et al, 2000; Ross et al, 2000) , which may reflect a loss of cortical inhibitory control over saccades during pursuit (Litman et al, 1994; Ross et al, 1998; Lencer et al, 1999a) .
Although hypotheses about the specific brain regions underlying these deficits can be generated based on knowledge of basic circuitry (eg predictive pursuit deficits implicate a circuit involving frontal eye fields (FEFs), mediosuperior temporal cortex (MST), posterior parietal cortex (PPC), and cerebellum), it is unclear what the functional abnormalities may be. Experimental administration of a particular pharmacological agent is one means of identifying receptor systems of interest, and in fact a number of drug-probe studies involving SPEM performance in schizophrenia have been conducted (eg Thaker et al, 1991; Friedman et al, 1992; Litman et al, 1994; Radant et al, 1998; Weiler et al, 2000; Avila et al, 2002c) . Results of several drug-probe studies involving nicotine suggest that neuronal nicotinic receptors (nAChRs) may be involved (Olincy et al, , 2003 Sherr et al, 2002; Depatie et al, 2002) . Olincy et al (1998) found a trend towards improved closed-loop gain in patients after ad libitum smoking, and no effect of smoking in healthy smokers. We reported a similar effect of 1.0 mg of nicotine administered via nasal inhaler on closed-loop gain in patients who were both smokers and nonsmokers . Depatie et al (2002) found that administration of nicotine via transdermal patch increased pursuit gain under normal tracking conditions, but not when target monitoring, an attentionenhancing pursuit task, was used.
Olincy et al (1998) also reported that ad libitum smoking reduced the frequency of leading saccades during pursuit in patients with schizophrenia, but not in healthy volunteers. Several studies have shown that patients with schizophrenia and at-risk relatives exhibit greater numbers of leading saccades during SPEM performance (Whicker et al, 1985; Rosenberg et al, 1997; Ross et al, 1998 Ross et al, , 1999a Ross et al, , 2000 Levy et al, 2000; Avila et al, 2002b) . The biological significance of this phenomenon and the role that nACh receptor systems play is not well understood, but it has been suggested that leading saccades reflect a failure of frontal-thalamiccerebellar circuitry to coordinate saccadic eye movements during pursuit . One possibility, described by Olincy et al, is that cortical neurons in the prefrontal cortex fail to inhibit the generation of inappropriate saccades by the superior colliculus (SC), and that smoking among patients, in addition to having effects on a7-nAChRmediated sensory gating (Adler et al, 1993 , is an attempt to modify abnormalities in prefrontal activity . Based on animal studies, George et al (2000) and others (eg Levin et al, 1996) have suggested that nicotinic agonists can enhance prefrontal functioning in schizophrenic patients by facilitating mesoprefrontal dopamine activity via activation of a7-and a4b2-containing nACh receptors.
Additional evidence for a role of nAChRs in modifying leading saccadic eye movements comes from Avila et al (2002c) , who found that a 0.1 mg/kg bolus injection of ketamine specifically increased the number of leading saccades during SPEM performance in healthy volunteers to a level similar to that observed in first-degree relatives of patients with schizophrenia exhibiting schizophrenia spectrum personality symptoms. Ketamine, in addition to blocking N-methyl-D-aspartate (NMDA) receptors, has been shown to block a7 and a4b2nAChR receptors (Coates and Flood, 2001; Hilmas and Albuquerque, 2002) .
Interest in the functional significance of schizophreniarelated increases in leading saccades during pursuit is fairly recent, and there are therefore a limited number of studies examining the phenomenon. Olincy et al (1998) are the only investigators to examine the possible effects of nicotine on leading saccades in patients with schizophrenia. We therefore sought to replicate and extend their findings, using data from Sherr et al (2002) to examine the effects of nicotine on leading saccades in smokers and nonsmokers with and without schizophrenia. The inclusion of smokers and nonsmokers gives the opportunity to assess the influence of smoking status on baseline and nicotine condition leading saccade measures. By including nonsmokers, nicotine effects can also be examined independent of potential nicotine withdrawal effects and group differences in receptor changes related to chronic tobacco use (Breese et al, 2000) . The use of a controlled dose of nicotine (1.0 mg administered via nasal inhaler) also avoids potential problems with differences in nicotine dose and the introduction of other centrally active compounds, which may be associated with ad libitum smoking procedures.
METHODS

Research Participants
Patients with schizophrenia were recruited from in-patient and outpatient programs at the Maryland Psychiatric Research Center (MPRC). Control subjects were drawn from the MPRC-Intervention Research Center (IRC) healthy control pool, which recruits subjects from the greater Baltimore/Washington metropolitan area using newspaper advertisements.
Clinical assessments. Patient diagnoses were confirmed using the Structured Clinical Interview for DSM-IV diagnosis (SCID-IV) (First et al, 1997) . The SCID-IV, Structured Interview for DSM-IV Personality Disorders (SID-P) (Pfohl et al, 1989) , and Family History Research Diagnostic Criteria (FH-RDC) (Andreasen et al, 1986 ) were used to screen and exclude control subjects with a family history of psychotic illness, current or lifetime Axis-I, or -II disorders (including substance dependence), or a history of substance abuse in the 6 months prior to study participation. Patient and community volunteers who had suffered a heart attack within the past year, or had chronic obstructive lung disease and/or pulmonary emphysema, pre-existing clinically significant cardiovascular disease, or a neurological condition were not eligible to participate. All patient volunteers were on stable doses of antipsychotic medications at the time of testing; three (10%) were taking typical neuroleptics, nine (31%) clozapine, one (3%) risperidone, 14 (48%) olanzapine, and two (6%) were taking olanzapine and haloperidol. Sociodemographic and smoking-related characteristics of the sample are shown in Table 1 .
Laboratory Procedures
Subjects abstained from cigarettes for 2 h prior to testing and participated in two randomly ordered testing sessions: a baseline in which no drug was given and after nicotine administration. A 1.0 mg dose of nicotine was administered via Nicotrol-Nasal Spray (McNeil) (two 0.5 mg puffs in each nostril) 5 min before eye movement testing. Participants also completed a cognitive battery (divided into two sessions) under baseline and nicotine conditions. These results are described in a separate report (Myers et al, 2002) . Thus, subjects received three separate 1.0 mg doses (one during eye movement testing, and two during cognitive testing). The order of the testing sessions was counterbalanced within nicotine and no drug conditions to control for order effects and to insure that regression to the mean did not systematically affect any one condition.
Oculomotor Data Acquisition
The ramp-mask-ramp task used in the study has been described previously (Thaker et al, 1998; Sherr et al, 2002) . Briefly, a foveal-petal step-ramp was presented followed by target motion in a horizontal plane, back and forth, at a constant velocity. After approximately two to three sweeps across the monitor, the target was unpredictably masked for 500 ms. Analysis and results of eye movements during initiation, sustained visual tracking, and target-masking are described in Sherr et al (2002) . Here, we describe leading saccadic eye movements occurring during visible target motion. Target presentations were carried out in three blocks of 12 trials each for no drug and nicotine conditions. Two target speed trials (9.4 and 18.71/s) were included in each block. Each trial consisted of four to five sweeps and one mask. The order of the trials within a block was randomized. Each block lasted approximately 3.5 min. Here, we focus on data for 18.71/s trials in order to allow comparisons with the previously published report on leading saccades and smoking, which used a target speed of 161/s . In addition, a number of studies suggest that SPEM deficits are more reliably observed when higher target speeds are used (eg Abel et al, 1991; Clementz and McDowell, 1994; Clementz et al, 1995; Thaker et al, 1998) Fthis includes a report by Lencer et al (1999b) who found group differences in leading saccades only at higher target speeds (15 vs 301/s).
Eye movement data were obtained using infrared oculography (500 Hz sampling rate limited by a 4 ms time constant). Data were digitized using a 16-bit analog-todigital converter. Digital data were filtered off-line using a low-pass filter (cutoff 75 Hz). Eye movements were analyzed blind to drug condition using interactive software. Interrater reliability estimates (ICCs) for scoring routines are maintained above 0.95.
Leading saccade measures. Blinks were identified based on characteristic morphology and removed. Saccades were identified by computer algorithm based on velocity (4351/s) and acceleration (46001/s 2 ) criteria and verified by visual inspection. Saccades occurring within 130 ms of changes in the target direction were not included. Saccades were classified as leading if they: (1) occurred in the direction of target motion; (2) either began and ended ahead of the target or, if beginning behind the target, moved the eyes to a position ahead of the target resulting in a position error equal to or greater than the original position error; and (3) were followed by a period, at least 50 ms in duration, of postsaccadic slowing (defined as the eye velocity 50% of target velocity for 18.71/s targets and eye velocity 75% of target velocity for 9.41/s targets). In addition, an amplitude criterion of 40.751o5.01 visual angle was employed. Criteria based on amplitude, position error, and postsaccadic slowing come from Ross and others (Radant and Homer, 1992; Ross et al, 1999b Ross et al, , 2001 . Across groups and drug conditions, the average amplitude of saccades identified as leading was 2.12 7 1.07. Leading saccades were assessed using a ratio of time spent in leading saccades to time spent in pursuit. This is similar to the percentage of total distance due to leading saccades used by Ross et al (1999a) and is designed to assess what percentage of visual tracking is accomplished through leading saccadic eye movements.
Statistical Analyses
Baseline differences were examined using a 2 Â 2 ANOVA with smoking status and diagnosis as between-subject factors. Effects of nicotine on the leading saccade/pursuit ratio (LSPR) were assessed using a mixed design repeated measures ANOVA. The model included terms for diagnosis (patient vs control), smoking status (smoker vs nonsmoker), and the diagnosis by smoking status interaction. Three-way interactions were followed by separate 2 Â 2 ANOVAs and probed using simple effects analysis (Levine, 1991) .
RESULTS
Means, standard deviations, and effect size estimates for no drug and nicotine conditions in patient and control smokers and nonsmokers are given in Table 2 . The mean LSPR values in patients and controls (smokers and nonsmokers combined) were 1.6 7 1.3 and 1.2 7 0.9, respectivelyFsimilar to previously reported values (Avila et al, 2002b) . Analysis of baseline differences yielded a smoking status by diagnosis interaction (F (1,48) ¼ 4.75, po0.05). Means are shown in Table 2 and the left panel of Figure 1 . Patient nonsmokers exhibited significantly higher LSPR values compared with control nonsmokers (po0.05). No other significant baseline differences were observed. The mixed design ANOVA yielded a significant drug by diagnosis by smoking status interaction (F (1,48) ¼ 4.55, po0.05). This three-way interaction is shown in Figure 1 . Two-way mixed design ANOVAs (drug by diagnosis) were then performed separately for smokers and nonsmokers.
Nonsmokers
Analysis of LSPR among nonsmokers revealed a significant drug by diagnosis interaction (F (1,22) ¼ 4.42, po0.05). Analysis of simple effects (examining the effect of drug within each group) showed that nicotine significantly reduced the LSPR among patient nonsmokers (po0.025), whereas control nonsmokers did not change (p40.70). Analysis of simple effects (examining group differences in no drug and nicotine conditions) showed that nicotine normalized performance in patient nonsmokers (ie eliminated group differences at baseline; p-value baseline o0.05, p-value nicotine 40.20).
Smokers
For patient and control smokers, there was a significant main effect of drug (F (1,26) ¼ 7.95, po0.005). Mean LSPRs for baseline vs nicotine conditions (collapsed across diagnosis) were 1.43 7 1.12 and 0.94 7 0.65, respectively.
Both patients and control smokers exhibited decreased LSPRs after nicotine compared with the no drug condition. Analysis of simple effects showed that this change was statistically significant in control subjects (po0.05), but statistically not significant in the patient group (po0.20). Effect size estimates (Cohen's d) for no drug/nicotine changes were 0.63 and 0.46 in the control and patient groups, respectively. Analysis of simple effects (examining group differences within each drug condition) showed that patients and controls were not different in no drug and nicotine conditions (p-values40.58)Fthe latter, reflecting a similar magnitude of change among patients. Figure 2 shows individual subjects' values for LSPR in no drug and drug conditions. Changes in LSPR among patient nonsmokers did not appear related to a previous history of tobacco use. Only three of 13 patient nonsmokers reported having smoked in the past. Of these, two patients exhibited modest changes and one patient markedly improved (see subjects labeled PS 4-6 in Figure 2 ). Changes in LSPR among control and patient smokers were not significantly correlated with FTND scores, average number of cigarettes smoked per day, or the number of years a subject smoked. Study results remained the same when the number of leading saccades was used as the dependent measure (data not shown). Note that baseline differences and the direction of change after nicotine administration were similar for 9.41/s targets to those reported here but not statistically significant. This is consistent with a previous report Nicotine and leading saccades in schizophrenia MT Avila et al showing reliable differences only at higher target speeds (Lencer et al, 1999b) .
DISCUSSION
Consistent with what has been previously reported by Olincy et al (1998) , we found evidence that nicotine reduces the number of leading saccades that occur during pursuit of a moving target among patients with schizophrenia. Patients as a group went from a mean LSPR of 1.61 7 1.38 to 1.06 7 0.61 (p ¼ 0.03) after a 1.0 mg dose of nicotine (Cohen's d ¼ 0.56). Evidence of drug effects in the previous study was based on ad libitum smoking, which potentially involves a number of centrally active compounds. In contrast, our results are based on nicotine nasalspray, and therefore can be used to confirm the putative role of nicotine in reducing leading saccades during SPEMs. Analysis of drug effects by smoking status revealed that changes were more robust among patient nonsmokers. The modest effect of nicotine among patient smokers is somewhat inconsistent with the previous study, which reported an effect size greater than 1.00 (based on the reported paired t-test value). This is compared with an effect size of 0.46 for patient smokers in the present study. Task parameters, including target velocity, were similar in the two studies and not likely to explain the difference. However, differences in the duration of withdrawal and nicotine dose may account for the greater magnitude of change observed by Olincy et al. The average length of withdrawal in the previous study was 10 h, compared with 2 h in the present study. Our results indicate that nicotine does lower the LSPRFleaving open the possibility that additional time was needed for patient smokers to return to 'true' baseline values (which would be expected to be more similar to the baseline values observed for patient nonsmokers). The previous study also employed a higher dose of nicotine based on the number of cigarettes smoked during the ad libitum session (nine of the 15 patients in the previous study smoked two or more cigarettes). Thus, a higher dose may have been needed to achieve a similar magnitude of change in smokers. This is the first study to examine the effects of nicotine on leading saccades in schizophrenic patients who do not smoke. We observed a significant effect of nicotine in this group, which was sufficient to eliminate patient-control baseline differences. This effect cannot be attributed to a past history of tobacco use, as most of the patient nonsmokers had never smoked. Numerous authors have suggested that the high prevalence of smoking among patients is due in large part to the presence of neurophysiological abnormalities involving neuronal nicotinic receptor systems (Leonard et al, 2001; Stassen et al, 2000) . The fact that nicotine improved the eye-tracking performance of patient nonsmokers suggests that the presence of these deficits is not necessarily sufficient to lead a patient to smoke. This underscores the complex set of factors that lead to tobacco use in general, and among patients with schizophrenia in particular.
Results from control subjects conflict somewhat with what has been previously observed. We found that control nonsmokers exhibited the lowest LSPR values at baseline and were unaffected by nicotine. This is what Olincy et al observed for control smokers. However, control smokers in the current study exhibited baseline LSPR values similar to those observed among patient smokers and showed significant improvement after nicotine administration. This did not appear to be the result of outlying data (see Figure 2) . Elevated baseline values, relative to control nonsmokers, are consistent with studies suggesting that smoking among healthy individuals can be associated with poor performance on some neurocognitive assessments. However, one would not expect nicotine-induced improvements under these conditions. It is not clear to what degree possible withdrawal effects and/or patient-control differences in receptor changes associated with chronic tobacco use may explain these results. Note that post-mortem data have shown that nonschizophrenic smokers show increased nicotinic receptor binding in the hippocampus, cortex, and caudate consistent with expected receptor upregulation after chronic tobacco use, while schizophrenic patient smokers do not show the expected increases (Breese et al, 2000) . In this regard, data from nonsmokers are particularly important as they are unaffected by these factors. Inclusion of both control smokers and nonsmokers in future studies may help to resolve the discrepancy.
Neurophysiological Basis of Leading Saccades
The biological significance of leading saccadic eye movements during visual tracking is not well understood. One of the primary features of these saccadic eye movements, hypermetria, or target overshoot, is most often associated with cerebellar lesions (Robinson, 1995; Takagi et al, 1998; Quaia et al, 1999; Leigh and Zee, 1999) . Thus, one possibility is that leading saccades represent hypermetric catch-up saccades caused by subtle abnormalities in cerebellar functioning. This interpretation is consistent with a previously reported negative correlation between leading saccades and pursuit gain (Radant and Hommer, 1992) . We have also observed a modest negative correlation between pursuit gain and LSPR in a sample of schizo- Figure 2 Changes in LSPR for individual subjects. 'PS' designates nonsmokers who previously smoked. *Drug by diagnosis by smoking status, drug by diagnosis (within smokers), and associated simple effects analyses were conducted removing the identified case. Although contributing to the magnitude of the effects, removal of this case did not change the pattern of results. Note that drug order was counterbalanced in order to control for order effects and to insure that regression to the mean did not systematically affect any one condition.
phrenic patients (n ¼ 66; r ¼ 0.39, po0.05, unpublished data). Arguing against this interpretation is the fact that saccadic hypermetria is not observed for visually guided saccades (eg Karoumi et al, 1998; Maruff et al, 1998) , and leading saccades can occur when the eyes are close to or ahead of the target, a situation where position error signals are inconsistent with the generation of catch-up saccades. Thus, leading saccades appear to have both spatial and temporal dysmetric components, and are therefore more likely to reflect abnormalities in the integration of saccadic and pursuit eye movements during visual tracking rather than simple saccadic hypermetria. This is consistent with previous descriptions of leading saccades as 'contextinappropriate' or 'intrusive' saccades, which may be related to loss of inhibitory control over saccadic eye movements during pursuit (Litman et al, 1994; Ross et al, 1996; Lencer et al, 1999a) .
A model proposed by Ross et al (1996 Ross et al ( , 1998 suggests a failure of cerebellar neurons to coordinate saccadic and pursuit signals received by cortical structures such as the FEFs via a fronto-thalamic-cerebellar circuit.
This shares a number of features with a model of cerebellar gain learning described by Gancarz and Grossberg (1999) . According to Gancarz and Grossberg, saccadic control can be achieved by cerebellar adjustment of sampling signals received from SC, visual/posterior parietal cortex (VC/PPC), and FEF via the nucleus reticularis tegmenti pontis (NRTP) and pontine nuclei. Weights are adjusted by error signals carried by cerebellar climbing fibers originating in inferior olive (IO). They suggest that sampling streams originating from SC, VC/PPC, and FEF and their respective weights are associated with reactive, attentive, and planned aspects of saccadic eye movements, respectively, and that these signals compete through mutual inhibition that tends to favor attentive and planned streams. This model suggests that diminished cortical input associated with attentive and/or planned components could lead to inappropriate weighting of reactive signals favoring the appearance of intrusive saccades. Alternatively, abnormalities could arise from a failure of cerebellar neurons to integrate these signals properly. Interestingly, Van Gelder et al (1995) observed a decrease in leading saccades when healthy individuals were asked to analyze some changing feature of the pursuit target, a procedure that is thought to enhance attentional processes. This parallels Depatie et al's (2002) pursuit gain findings showing that nicotine had an affect on eye-tracking performance under normal, but not under attention enhancing, conditions. These data suggest that pursuit related attentional processes might play a role in some nicotine-induced changes in SPEM performance. The effect of target analysis on leading saccades in schizophrenic patients needs to be examined.
In humans, both the frontal and parietal cortex show moderate levels of [ general, a number of these receptor subtypes are located presynaptically where they facilitate the release of a number of neurotransmitters including glutamate, GABA, and dopamine (Brioni et al, 1997; Patterson and Nordberg, 2000) . Additional experiments examining the behavioral effects of ligands specific to particular receptor subtypes are needed.
SUMMARY
Study results confirm that nicotine reduces the number of leading saccadic eye movements and improves eye-tracking performance in schizophrenic patients. Baseline impairments and the beneficial effects of nicotine are not restricted to patient smokers, as nonsmokers exhibited the greatest number of leading saccades in the no drug condition and exhibited the most pronounced improvements. This improvement was not a function of previous smoking history. Study results from patient smokers suggest that longer (42 h) withdrawal periods and/or higher nicotine doses may be necessary to obtain accurate baseline performance levels and to induce significant changes in performance in patient smokers. Overall, the study results support a functional role of nACh receptors in improving eye-tracking performance, and are consistent with the hypothesis, articulated by several investigators, that nACh receptor system abnormalities are responsible for a number of schizophrenia-related neurophysiological deficits Leonard et al, 2001; Thaker et al, 2002) .
